ABSTRACT Using collisionless N -body simulations, we investigate the tidal evolution of late-type, rotationally supported dwarfs inside Milky Way-sized host galaxies. Our study focuses on a wide variety of dwarf orbital configurations and initial structures. During the evolution, the disky dwarfs undergo strong mass loss, the stellar disks are transformed into spheroids, and rotation is replaced by random motions of the stars. Thus, the late-type progenitors are transformed into early-type dwarfs as envisioned by the tidal stirring model for the formation of dwarf spheroidal (dSph) galaxies in the Local Group. We determine the photometric properties of the dwarfs, including the total visual magnitude, the half-light radius and the central surface brightness as they would be measured by an observer near the galactic center. Special emphasis is also placed on studying their kinematics and shapes. We demonstrate that the measured values are biased by a number of observational effects including the increasing angle of the observation cone near the orbital pericenter, the fact that away from the pericenter the tidal tails are typically oriented along the line of sight, and the fact that for most of the evolution the stellar components of the dwarfs are triaxial ellipsoids whose major axis tumbles with respect to the line of sight. Finally, we compare the measured properties of the simulated dwarfs to those of dwarf galaxies in the Local Group. The evolutionary tracks of the dwarfs in different parameter planes and the correlations between their different properties, especially the total magnitude and the surface brightness, strongly suggest that present-day dSph galaxies may have indeed formed from late-type progenitors as proposed by the tidal stirring scenario.
INTRODUCTION
The population of dwarf galaxies of the Local Group (for a review see Mateo 1998; Tolstoy et al. 2009 ) can be divided into two rather distinct subgroups, the dwarf irregular (dIrr) galaxies occupying larger distances from the big galaxies, the Milky Way and Andromeda, and dwarf spheroidal (dSph) objects clustering near their respective hosts. While the former are typically disky, bright, dominated by rotation, gas-rich and still forming stars, the latter are rounder, faint, supported mainly by random motions, gas-poor and dominated by old stellar populations.
The dIrr galaxies are believed to be of primordial origin, i.e. formed by gas accretion onto potential wells of small dark matter halos. The formation of dSph galaxies, on the other hand, probably required some evolution that may occur either in isolation by purely baryonic processes such as cooling, star formation, feedback from supernovae and UV background radiation (Ricotti & Gnedin 2005; Tassis et al. 2008; Sawala et al. 2010) or be induced by gravitational interactions with the environment in the form of galaxy harassment (e.g., Moore et al. 1996) resonant stripping (D'Onghia et al. 2009) or tidal stirring (Mayer et al. 2001a,b; Kazantzidis et al. 2004 ).
The tidal stirring scenario proposed by Mayer et al. (2001a,b) is particularly promising as it provides a link between the two types of dwarf galaxies observed in the Local Group. It postulates that dIrrs were actually progenitors of dSph galaxies and provides a mechanism for such transformation in the form of tidal stripping and tidal shocking of the dwarfs on orbits around the hosts. As the efficiency of these mechanisms increases with the decreasing distance of the dwarf galaxy from its host, it also naturally explains the morphology-distance relation observed in the Local Group. When combined with ram pressure stripping and the effect of the UV background (Bullock et al. 2000; Susa & Umemura 2004 ) the model can also account for the low gas content and the very high mass-to-light ratios of some dwarfs (Mayer et al. 2006 ; see also Mayer 2010 for a review).
The efficiency of the tidal transformation of disky dwarfs into dSph galaxies has been recently explored in great detail by Kazantzidis et al. (2011, hereafter K11) for different orbital and structural configurations of the dwarfs interacting with the Milky Way. The dwarfs were initially composed of a stellar disk embedded in a more extended dark matter halo. They confirmed the general picture sketched earlier by Mayer et al. (2001a,b) and Klimentowski et al. (2009a) : in most cases the tidal interaction of the dwarf with the Milky Way results in strong mass loss, the morphological transformation of the disk to a bar and then a spheroid and the transition from ordered (rotation) to random motion of the stars. Only in three out of 19 simulated cases (where the orbits were very extended or the dwarf's halo very concentrated) did the end product retain enough of its initial disky characteristics that it could not be classified as a dSph galaxy.
Similarly, in almost all cases, the morphological transformation involved the formation at the first pericenter passage of a tidally induced bar that was shortened in the subsequent evolution.
The study of K11 focused on the intrinsic properties of the dwarfs which are best suited to describe their dynamics as precisely as possible, but can only be measured accurately in the idealized situation of N -body simulations where full 3D information is available. Here, we focus on strictly observational parameters that can be directly compared to real data. The purpose of the present work is therefore two-fold. First, we will measure the observational parameters of the dwarfs in a realistic way and identify possible biases affecting the measurements in the environment characteristic for dwarf galaxies in the Local Group. Second, we will explore the correlations between the observed parameters of the dwarfs in order to see if these can provide some insight into their formation scenarios.
The paper is organized as follows. In section 2 we briefly describe the simulations used in this work. Section 3 discusses the way we measure the observational parameters focusing on different observational biases that affect them. We also describe their variability on different timescales and its origin. In section 4 we present long-term evolution of the measured parameters for different orbits and different initial structure of the dwarfs. In section 5 we compare our results to observations. The discussion follows in the last section.
THE SIMULATIONS
In this study, we use a set of the collisionless N -body simulations presented in detail by K11. The goal of the K11 study was to elucidate the formation of dSph galaxies via tidal interactions between late-type, rotationally supported dwarfs and Milky Way-sized hosts.
K11 employed the method of Widrow & Dubinski (2005) to construct numerical realizations of fully selfconsistent dwarf galaxy models composed of exponential stellar disks embedded in cuspy, cosmologically motivated Navarro et al. (1996, hereafter NFW) dark matter halos. The reference dwarf galaxy model had a virial mass of M h = 10 9 M ⊙ and a concentration parameter c = 20. The disk mass fraction, m d , and the halo spin parameter, λ, were equal to 0.02 and 0.04, respectively. The resulting disk radial scale length was R d = 0.41 kpc (Mo et al. 1998 ) and the disk thickness was specified by the thickness parameter z d /R d = 0.2, where z d denotes the (sech 2 ) vertical scale height of the disk. We refer the reader to K11 for a detailed discussion regarding these choices.
This default dwarf galaxy model was placed on seven different orbits around a single, massive host with the present-day structural properties of the Milky Way. In particular, the primary galaxy model was constructed as a live realization of the MWb model in Widrow & Dubinski (2005) , which satisfies a broad range of observational constraints for the Galaxy and consists of an exponential stellar disk, a Hernquist (1990) bulge, and an NFW dark matter halo. The orbital apocenters, r apo , and pericenters, r peri , of the dwarf around the host galaxy are listed in the third and fourth column of Table 1 , and their choices are discussed thoroughly in K11. The trajectories of the reference dwarf galaxy model on the seven . In all panels we repeat the orbit O1 for reference. In the upper panel all three orbits have the same eccentricity rapo/r peri = 5 (typical for Milky Way subhalos) but different size. In the middle panel all three orbits have apocenter rapo = 125 kpc but different eccentricity. The lower panel shows the least (O6) and the most (O7) eccentric orbit in comparison to the typical one (O1). Note that the scale of the middle panel is different than in of the other two. orbits are shown in Figure 1 projected onto the initial orbital plane. The simulations marked as O1-O5 in Table 1 correspond to runs R1-R5 in K11. Runs O6-O7 are two additional experiments mentioned in section 5.4 of K11 and discussed in more detail in Lokas et al. (2010c) . Lastly, the alignments of the internal angular momentum of the dwarf, that of the primary disk and the orbital angular momentum were all mildly prograde and equal to i = 45
• (see K11 for a discussion regarding the implications of this choice). Therefore, the results of the present study should not be affected by any strong coupling of angular momenta. Initial conditions for all numerical simulations were generated by building models of dwarf galaxies and placing them at the apocenters of their orbits. The tidal evolution of the dwarfs inside their host galaxy was followed for 10 Gyr using the multistepping, parallel, tree N -body code PKDGRAV (Stadel 2001) .
In simulations S6-S17 (see Table 1 ), we varied the structural parameters of the dwarfs while keeping them on the same orbit (as in run O1 with r apo = 125 kpc and r peri = 25 kpc). These experiments correspond to runs R6-R17 in K11. The second column of Table 1 lists the parameters which were varied in each case; in parentheses we give the value by which a given parameter was changed. Columns 5 and 6 of the Table list the orbital times and the time of the last apocenter for each simulation.
Lastly, each dwarf galaxy model contained a total of 2.2 million particles (N h = 10 6 dark matter particles and N d = 1.2 × 10 6 disk particles). The gravitational softening was set to ǫ h = 60 pc and ǫ d = 15 pc for the particles in the two components, respectively. In addition, the simulations analyzed here use N D = 10 6 particles in the disk, N B = 5 × 10 5 in the bulge, and N H = 2 × 10 6 in the dark matter halo of the host galaxy MWb, and employ a gravitational softening of ǫ D = 50 pc, ǫ B = 50 pc, and ǫ H = 2 kpc, respectively. The choice for the fairly large softening in the dark matter particles of the primary galaxy was motivated by our desire to minimize discretness noise in the host potential.
OBSERVING THE DWARFS
3.1. The absolute magnitude In order to estimate the observational parameters of the dwarfs we place an imaginary observer at the center of the Milky Way and introduce a spherical coordinate system centered on this point, with the radial coordinate along the line connecting the center of the Milky Way with the dwarf and the angles corresponding to celestial coordinates usually applied in astronomy. Since the dwarfs typically lose a substantial fraction of their stars the measurement of the total magnitude of the dwarf galaxy as a function of time is non-trivial as it is not a priori obvious which stars should be included as members of the dwarf at a given instant of the evolution. In real observations this measurement is done by integrating light up to a given radius or up to infinity if an analytical approximation of the light distribution is used. Here we adopt a simple approach of counting all stars included within some fixed limiting radius r lim . We adopt the value of this radius to be the distance from the center of the dwarf of the most distant star in the disk at the starting point of the evolution. The values of this radius are listed in the seventh column of Table 1 . This choice is physically well justified: all the stars that are beyond this radius at any later stage were ejected due to tidal forces.
Examples of the evolution of the total magnitude of the dwarf on orbits O1-O7 measured within radii r < r lim from the center of the dwarf as a function of time are illustrated by dashed lines in Figure 2 . The values were obtained by counting the stars within r lim , multiplying by the stellar mass and converting to the luminosity assuming a variable mass-to-light ratio for stars of M/L V = (1 + 0.15t)M ⊙ /L ⊙ in the visual band, where t is the time from the start of the simulation, so that M/L V = 1M ⊙ /L ⊙ at the start of the simulation (10 Gyr ago) and M/L V = 2.5M ⊙ /L ⊙ at the end of the simulation (which we assume to correspond to the present time). This choice approximates well the evolution of the simple low-metallicity stellar population in the standard model described by Bruzual & Charlot (2003, their Figure 1) . In this way we take into account the fading of the stellar population in time.
The evolution of the total magnitude determined in this way is very regular. Until the first pericenter passage in all cases the number of stars (and the stellar mass) remains constant and equal to the initial value (almost no stars are stripped beyond r lim ) so the decreasing magnitudes are due entirely to the fading of the stellar population. In the runs on more eccentric orbits (O1, O2, O4 and O7) soon after each pericenter passage (marked by vertical dotted lines in Figure 2 ) the luminosity decreases due to the ejection of stars beyond r lim by tidal forces, then declines more slowly again until the next pericenter. For the other runs this dependence on the orbital position would only be seen if we adopted a constant M/L for the stars while in Figure 2 it is dominated by the fading of the stellar population. Note that the vertical scale is different in each panel of the Figure, e.g. many more stars are lost on the tightest orbit (O2) and the one with the smallest pericenter (O4) compared to the reference orbit O1 while very few are ejected on the most extended orbit O3.
An observer near the galactic center will obviously not be able to measure this intrinsic luminosity of the dwarfs but rather will count all the stars within the observation cone with the opening angle corresponding to r lim at the distance of the dwarf. We assume that the distance of the dwarf is known perfectly (without any error) and the observer counts all stars within the projected radius R < r lim corresponding to the angular distance from the center of the dwarf in the plane of the sky, which initially contained all the stars. The corresponding results for orbits O1-O7 are shown in Figure 2 as solid lines. For runs O3, O5 and O6, where the fading dominates, the result is almost identical, but for the other cases this measurement is biased with respect to the intrinsic one described above. Both measurements coincide at the pericenters of the orbits, but in other parts of the orbit (except for the initial part of the evolution) the estimated magnitudes are brighter for the realistic observations. This is due to the fact that near pericenters the tidal tails are oriented along the orbit, i.e. perpendicular to the line of sight of the observer, while near apocenters their orientation is more along the observer's line of sight. This effect, described in more detail by Klimentowski et al. (2009b) , is significantly stronger for orbits with higher eccentricity.
The second observational effect is the presence of the spikes, sudden increases of the measured magnitude at the later pericenter passages, well visible especially for O2 (second panel of Figure 2 ). These are the result of the particularly strong stellar mass loss for this tight orbit combined with a large opening angle of the observation cone at pericenters (the distance of the dwarf from the galactic center is then about 17 kpc while its assumed diameter is 12.5 kpc). At later times there is a lot of debris around the Milky Way stripped from the dwarf at earlier passages (see the orbit plotted with the red line in the upper panel of Figure 1 ) which are included in the observer's field of view. Note that we include here all the debris stars without discriminating by distance (since distances are typically not known for individual stars) and most often the older debris lies quite far from the dwarf itself. These stars, if far enough, could in principle be excluded from the sample by careful analysis of the color-magnitude diagrams of the real dwarfs as they would cause a spread in luminosity. This effect would however have to be disentangled from the effects of star formation history (see e.g. the discussion for Leo I in Gallart et al. 1999 , Sohn et al. 2007 and Mateo et al. 2008 .
Given that galaxies on eccentric orbits spend a small fraction of the orbital time at pericenters and such small pericenter distances are probably not common among Milky Way satellites (e.g. Lux et al. 2010 ) this effect should be rare. It could in principle be observed e.g. for the Sagittarius dwarf if it had completed many pericentric passages around the Milky Way, which is unlikely (see Lokas et al. 2010b ). In the following we will use the measured values at apocenters, where dwarfs are most likely to be seen, as most representative for the observed magnitudes. At these parts of the orbits the differences between the values measured by our observer (R < r lim ) and the intrinsic ones (r < r lim ) are never larger than 0.4 mag (for run O4) so the tidal tails do not seem to bias the measurements very strongly even for the most heavily stripped dwarfs.
The half-light radius
The next structural parameter of special interest is the half-light radius r 1/2 . We first discuss the half-light radius measured in 3D, i.e. the radius containing half the total luminosity calculated from the number of stars contained within the 3D fixed radius r < r lim . Half-light radii determined in this way are plotted as dashed lines in Figure 3 for orbits O1-O7. The general trend, best seen for the tightest orbit O2, is that r 1/2 decreases with time on a large timescale, which reflects the decreasing size of the dwarf due to tidal stripping. Significant temporary increase of r 1/2 is however visible after each pericenter passage (indicated by vertical dotted lines in Figure 3 ), especially for runs O4, O7 and O2 with the smallest pericenters. This is due to the expansion of the dwarf's stellar component in response to the tidal forces which are strongest at the pericenter.
A realistic measurement of r 1/2 , by an observer located at the center of the Milky Way, would be done in 2D, on the surface of the sky and using the total luminosity determined within R < r lim . These measurements are shown in Figure 3 as solid lines. The half-light radii determined in this way are typically lower that their 3D counterparts which is due to the fact that the projected density profile of the stars is steeper, i.e. in the center of the dwarf all stars along the line of sight contribute and not only those that are close to the center in 3D. At later pericenters of simulation O2 the values of the projected r 1/2 show strong peaks. This is a direct consequence of the peaks in the measured total magnitudes due to large opening angles of the observation cone at these instances, as discussed above. Another feature of the evolution of the projected r 1/2 are wider bumps between pericenters, especially well visible in run O4 (but also present in O2), where the measured values of pro- jected r 1/2 are about twice larger at apocenter than at pericenter. These are due to increased number of stars from the tidal tails that for this highly eccentric orbit are oriented along the observer's line of sight for most of the time.
Another interesting observational effect that manifests itself in the measured values of the 2D half-light radii is their strong variability or even oscillation at the early stages of the evolution, especially visible after the first and second pericenter. As discussed in detail by K11, in most simulations studied here after the first pericenter the stellar disk transforms into a triaxial shape, usually a prolate spheroid or a bar which, as the evolution proceeds, becomes more spherical. The tumbling of the ellipsoid causes the observed variation of the measured r 1/2 : when the observer's line of sight is perpendicular to the major axis of the stellar component the dwarf appears more extended and the measured half-light radius is larger; when the major axis is aligned with the observer's line of sight, the measured r 1/2 is smaller. This effect is strongest for simulation O7, but present even in the case of run O3 where a bar does not form and the stellar component is oblate, but still triaxial. Note that in the case of simulations O2 and O4, where the dwarf is particularly strongly stirred and its stellar component becomes almost spherical after the third pericenter, this variability of r 1/2 is no longer seen at these later stages and the variation of r 1/2 follows that of the total magnitude.
This interpretation of the measurements is confirmed by Figure 4 where we plot the angle between the major axis of the stellar component and the fixed x axis of the simulation box which lies in the orbital plane of all simulations (at the initial configuration). The direction of the major axis was determined using all stars within a fixed radius of 0.6 kpc which corresponds to (1 − 2)r 1/2 in all cases. At all times we measured the angle between the x axis and the dwarf's major axis on the side of the dwarf which is closer to the x axis so all angle values are between 0
• and 90
• . The values of the angle were plotted starting from the first pericenter when the shape of the dwarf's stellar component changes from the disk to the triaxial ellipsoid so that the major axis is well defined. For orbits O2 and O4 we do not show the measurements until the end because on these tight orbits the dwarf becomes almost spherical early on and the major axis is then no longer well defined again. The amplitude of the angle changes in some cases, which is due to the precession of the rotation axis. In addition, the rate at which the angle changes increases after the second pericenter for O1 which is due to speeding up of the figure rotation of the ellipsoid in this case, caused by the tidal force, as discussed by K11 (their section 5.2).
The central surface brightness
Another characteristic photometric property of dwarf galaxies is the central surface brightness µ V . This parameter does not have any 3D analog so we measure it directly in 2D by counting stars within 0.1r 1/2 (where r 1/2 is the half-light radius determined in 2D) and dividing by the surface of the circle of this radius. This scale is about the closest to the center of the dwarf possible, i.e. the position of the innermost data point in measurements of surface brightness in real data. The results of this procedure are shown as solid lines in Figure 5 for runs O1-O7.
We notice a similar degree of variability in the measured surface brightness values as was observed for the 2D half-light radii. Since we measure the surface brightness within a fixed fraction of r 1/2 the two are obviously tightly related. Note that in the case of simulations O2 and O4 the strong variability at the early stages is replaced by an almost constant value between pericenters later on when the dwarf becomes spherical. The general trend is however to decrease the central surface brightness which means that the stars are stripped from all radii, not only from the outer parts i.e. the density profile of the stars is shifted down at all scales due to tidal stripping.
Kinematics
One of the key parameters that distinguish dIrrs from dSphs is their V /σ value, where V is the rotation velocity and σ is the (central) velocity dispersion of the stars. While dIrrs are believed to be rotationally supported, with V /σ of the order of a few, dSphs usually exhibit much lower rotation levels with V /σ below unity. However, contrary to common belief, dSphs are not in general completely devoid of rotation and it has been detected for many dSph galaxies, including Ursa Minor (Hargreaves et al. 1994; Armandroff et al. 1995) , Carina (Muñoz et and Tucana ).
We measured V and σ using the following procedure, as close as possible to real observations. For each simulation output we selected stars, as seen by an observer at the galactic center, within projected radii R < 2r 1/2 from the center of the dwarf, where r 1/2 are the 2D halflight radii determined above. This is approximately the region where kinematic measurements for dwarf galaxies are typically performed. We then determined the principal axes of the 2D distribution of the stars and rotated their positions in order to align the major axis of the dwarf image with the horizontal (x) axis. Figure 6 shows the distribution of (1 percent) of the stars within R < 2r 1/2 obtained in this way for the configuration corresponding to the last apocenter for simulation O1.
In order to estimate the central velocity dispersion of the dwarfs we selected for each output the stars within R < 0.1r 1/2 (small black circle in Figure 6 ) and calculated the dispersion of radial velocity using standard estimators (see e.g. Lokas et al. 2005) . By the choice of this innermost region we make sure that the sample is not contaminated by tidally stripped stars in the tails. Next, we select a narrow strip of stars along the major axis of the dwarf of size 0.1r 1/2 × 2r 1/2 and sample the velocities of the stars in eight bins of size 0.1r 1/2 × 0.5r 1/2 each. Since the outer bins are likely to be contaminated by tidally stripped stars we introduce a cut-off in velocities, i.e. we exclude the stars with velocities that differ from the dwarf's systemic velocity by more than 3σ where σ is the central velocity dispersion measured in the inner R < 0.1r 1/2 . Such a conservative cut-off is usually not sufficient for the reliable selection of stars for dynamical modelling (see Klimentowski et al. 2007 Klimentowski et al. , 2009b Lokas et al. 2008; ) but seems stringent enough to measure basic kinematic properties of the dwarfs, as we -The velocity dispersion profiles (solid lines), the rotation velocity profiles (dashed lines) and the ratios of the two (dotted lines) measured along the major axis of the observed dwarf for runs O1-O7 at their 2nd (left column) and last (right column) apocenters (except for the case O3 where the 2nd apocenter is the last so we plot the result for the final simulation output).
aim to do here.
The results of these measurements for simulations O1-O7 and S6-S17 are shown in Figures 7 and 8 respectively for the outputs corresponding to the 2nd and the last apocenter (the left and right panel for each run). With dashed lines we plot the rotation velocity profiles and with solid lines the velocity dispersion profiles to illustrate their dependence on the distance from the center of the dwarf. Dotted lines give the ratio of the two values as a function of radius. All measurements were symmetrized, i.e. we show the average of two measurements on both sides of the dwarf. In most cases, the rotation profile decreases significantly between the 2nd and the last apocenter, while the dispersion remains roughly on the same level. This is due to the fact that tidal stirring causes the rotation to be replaced by random motions increasing the velocity dispersion, but at the same time dwarfs lose mass and the dispersion is decreased. The net outcome of these two effects is that the dispersion remains roughly constant in time.
All dispersion profiles look well-behaved, declining with radius, except for the case O4 (the right panel of the fourth row in Figure 7 , orange line) where the dispersion profile shows a secondary increase at larger distances from the center. This is due to the contamination from the tidal tails that affects our measurements because the nominal half-light radius determined for this case is very large. As already discussed above, and seen in the fourth panel of Figure 3 , in this case the r 1/2 values measured near apocenters at the later stages of evolution are about a factor of two larger than those at pericenters. Again, this is caused by the presence of tidal tails that for this very radial orbit (r apo /r peri = 10, see Table 1 ) for most of the time (except at the very pericenter) are oriented along the observer's line of sight. The dwarf thus appears brighter and more extended (see also Figure 11 in Klimentowski et al. 2007 ). The contamination is also seen in the rotation curve (dashed orange line in the same panel of Figure 7 ) which shows tidally induced velocity gradient in the outer bins while no rotation is detected in the inner part for this very evolved dwarf. Figure 9 shows the evolution of the kinematic properties in time for the seven simulations O1-O7 with different orbits. In each panel the measurements of the central velocity dispersion are plotted with solid lines while the values of the rotation velocity are shown with dashed lines. The values of rotation are taken as a maximum rotation velocity found along the rotation velocity profile (see Figures 7 and 8 ) measured along the major axis within R < 2r 1/2 . In simulations O2 and O4 where the dwarfs are most strongly affected by tidal forces, the contamination by tidal tails is well visible, although in a slightly different way in each run. For orbit O2 we see sharp increases of both velocity dispersion and rotation velocity at later pericenters caused by spikes in the measured values of r 1/2 . In simulation O4, on the other hand, while the measured values of the central velocity dispersion remain unaffected (until the very last pericenter), the rotation velocity is overestimated when the dwarf is on its way from the pericenter to the apocenter. As discussed above, this is due to the overestimated value of r 1/2 which makes us probe the region well beyond the dwarf's main stellar body.
Finally, it is worth noting that the tidal effects on the The velocity dispersion profiles (solid lines), the rotation velocity profiles (dashed lines) and the ratios of the two (dotted lines) measured along the major axis of the observed dwarf for runs S6-S17 at their 2nd and last apocenters.
observables in runs O2 and O4, although in both cases due to tidally stripped stars, are of slightly different origin; while in O2 they are due to earlier wraps of tidally lost material (this run has more pericentric passages than any other orbit we considered), in O4 they are due to recently lost material residing in the tails oriented radially because of the high eccentricity of the orbit. In other runs the most characteristic feature of the kinematic measurements is the oscillation of the values (especially those of the central velocity dispersion) in simulations due, as discussed above, to the non-sphericity of the stellar distribution and the tumbling of its triaxial shape.
Shapes
We conclude the measurements of the observational parameters of our simulated dwarfs by determining their shapes. For this purpose we select in each output the stars within projected radii R < 2r 1/2 and rotate the 2D distribution to align the major axis of the galaxy image with x and the minor axis with y, exactly as for the measurements of the kinematic properties. We then calculate the ellipticity parameter e = 1 − b/a where b/a is the axis ratio of the 2D distribution determined from the eigenvalues of the 2D inertia tensor.
The evolution of the ellipticity parameter e in time is shown in Figure 10 for simulations O1-O7. Note that all runs start from the same value of e = 0.33 which is due to the specific orientation of the dwarf galaxy disk at the beginning of the simulation. Namely, the disks are inclined by 45
• to the initial orbital plane and the initial velocity vector so the galaxy images appear elliptical to the observer at the center of the Milky Way. At later stages the ellipticity parameter displays strong variability due to the formation of the triaxial shape and tumbling of this shape, as well as the variability of the 2r 1/2 scale inside which we measure the shape. A clear transition to sphericity is however seen for runs O2 and O4 where the ellipticity is very close to zero at the later stages of the evolution with momentary exceptions at pericenters where the scale 2r 1/2 picks up some of the tidal tails oriented perpendicular to the line of sight at these instants.
LONG-TERM EVOLUTION OF THE OBSERVED PROPERTIES
In order to study the general trends in the evolution of the observational parameters in time in Figures 11-15 we plot the values measured previously only at subsequent apocenters, but for all simulations. In the upper panel of each figure we show with different colors the results for the simulations for different orbits and the same initial dwarf structure O1-O7, while in the lower panel we plot results for different initial structures of the dwarf and for the same default orbit S6-S17. A particular simulation can be identified by referring to the colors listed in the last column of Table 1 . The time of the last apocenter for each simulation can be found in the sixth column of the Table and the of the Table. The general trends in the evolution of the parameters are now clearly visible. As expected, the tidal stripping decreases the total magnitude of the dwarf and most so for the tightest orbit O2 and the one with the smallest pericenter and reasonably small orbital time O4. The trend of r 1/2 decreasing with time is less clear and more visible for dwarfs of different structure rather than on different orbits. Overall, the half-light radius remains remarkably constant over time, in contrast to the other characteristic scale-length of the dwarf, r max , where the maximum of the circular velocity occurs which was found by K11 to decrease very strongly during the evolution. This is not surprising, however, given that r max is a characteristic scale-length of the total gravitational potential, which is dominated by dark matter, while r 1/2 characterizes the distribution of stars which are not so strongly affected by tidal forces.
The central surface brightness behaves differently from the other two properties discussed above. Typically, its value increases between the first and the second apocenter and then starts to decrease. This is due to the formation of the bar which in most cases occurs at the first pericenter and increases the density of the stars in the center of the dwarf. Later on, when the stellar distribution becomes more spherical and more stars are stripped, µ V decreases as a function of time.
In Figure 14 we plot the ratio of the rotation velocity and the central velocity dispersion, V /σ, which measures the amount of ordered versus random motion of the stars. Both for different orbits and for different dwarf models the trend of V /σ decreasing with time is clearly visible. This is one of the key signatures of tidal stirring and confirms that the process may indeed transform rotationally supported systems to those supported by random motions.
Finally, Figure 15 shows the trends in the evolution of the observed ellipticity. Here the trends are difficult to detect since a similar small ellipticity is measured for a disk close to face-on and a genuine almost spherical galaxy. In almost all our simulations the disk was initially inclined so that the measured ellipticity was e = 0.33. The only exceptions are runs S6 where the disk is seen edge-on resulting in a large initial ellipticity e = 0.81 (green line in the lower panel of Figure 15 ) and S7 where the disk is more face-on than the default orientation resulting in a small initial e = 0.18 (red line in the lower panel of Figure 15 ). For different orbits the transition to the almost perfectly spherical shape is however reflected in very low e values for runs O2 and O4, while for different dwarf models the ellipticity averaged over all runs is smaller than initially.
COMPARISON WITH OBSERVATIONS
The ultimate purpose of our study is to compare the measured observational parameters of the simulated dwarfs to real data. In Figures 16-19 we plot the central surface brightness µ V , the 2D half-light radius r 1/2 , the kinematic parameter V /σ and the ellipticity e = 1 − b/a respectively as a function of the total magnitude of the simulated dwarfs at subsequent apocenters. The color coding of the simulations is the same as in previous Figures (see the last column of Table 1 ) and again the upper panel is for dwarfs on different orbits while the lower one for dwarfs of different structure on the same default orbit. The direction of the lines from the left to the right, i.e. from the brighter to the fainter magnitudes, corresponds to the time flow because the total magnitude becomes fainter with time in all cases.
In Table 2 we list the properties of dwarf galaxies of the Local Group with magnitudes in the range −16 < M V < −8 currently available in the literature. The columns give the galaxy name, the morphological type, the total visual magnitude, the half-light radius, the central surface brightness, the kinematic parameter V /σ and the ellipticity parameter e = 1 − b/a. The references are provided in the last column of the Table. In cases where the exponential scale-lengths were only available, they were multiplied by a factor of 1.7 to approximate the half-light radius of the exponential profile. For the V /σ, the 'raw' values are used, i.e. those measured directly from the data, as we do for our simulated dwarfs, without correcting for inclination.
The circles in Figures 16-19 show the real data for dwarf galaxies in the Local Group from Table 2 . The open circles mark the data for dIrr galaxies, filled black circles for the dSph and dSph/dE galaxies and gray circles for transitory dIrr/dSph dwarfs. The data in the µ V -M V and r 1/2 -M V plots show strong correlation between the parameters (although in the latter case the scatter is much larger) demonstrating the trends of fainter galaxies to possess lower surface brightness and smaller size. There is also an obvious trend in V /σ-M V : rotationally supported systems are typically brighter. The correlation is weakest in the e-M V plane due to the difficulty in relating the observed ellipticity to the real shape of a galaxy, as discussed above.
The evolutionary tracks of the simulated dwarfs in the µ V -M V plane (Figure 16 ) have a characteristic shape, similar for all simulations. While the magnitudes evolve towards the fainter end monotonically, the values of the surface brightness between the first and second apocenter increase and then mildly decrease at all subsequent -O7, upper panel) and different dwarf models (simulations S6-S17, lower panel). The evolution proceeds from the left to the right, from the brighter to the fainter magnitudes in all cases. In both panels the open circles show the data for dIrr galaxies, filled black circles the data for the dSph and dSph/dE galaxies and gray circles for transitory dIrr/dSph dwarfs. All data for the real dwarfs are listed in Table 2. apocenters. This later evolution traces very well the correlation between the observed values of the parameters for real Local Group dwarfs and is especially well visible in the case of runs O2 and O4 (the red and orange line in Figure 16 ) where the dwarfs are most affected by tides and therefore most evolved.
In the r 1/2 -M V plane ( Figure 17 ) the evolution of the simulated dwarfs shows more variety. Typically, the characteristic radii decrease strongly between the first and second pericenter, but in the later evolution they can also increase. Interestingly, because of the contamination by tidal tails, it can also happen for the most affected dwarfs, like the one of run O4 (the orange line in the upper panel of Figure 17 ), where r 1/2 increases during the later evolution, in contrast to the case of O2 (the red line). Overall, different orbits and different ini- tial structures of the dwarf are able to reproduce the trends seen in the real data.
The direction of the evolution of the simulated dwarfs in the r 1/2 -M V and especially in the µ V -M V plane strongly suggests that the observed correlations may be easily explained if dSph galaxies of the Local Group evolved from late-type dwarfs as predicted by the tidal stirring scenario. The trend of surface brightness decreasing with decreasing luminosity as observed in real dSph galaxies, in contrast to ellipticals, has been interpreted as pointing towards different formation scenarios of spheroidal and elliptical galaxies by Kormendy (1985) and Kormendy et al. (2009) . They suggested that elliptical galaxies may form mostly via mergers while spheroidals are rather late-type systems that underwent transformation due to star-formation processes or environmental effects such as tidal stirring. This idea is supported by the analysis of the simulated Local Group by Klimentowski et al. (2010) who found that mergers of subhalos are rather rare in such systems and occur early on so they cannot significantly contribute to the formation of a large fraction of dSph galaxies. The tidal stir- ring scenario thus seems to be the most effective gravitational mechanism by which such objects could form.
DISCUSSION

Observed versus intrinsic properties
Our results demonstrate the difficulty in determining the intrinsic properties of tidally stirred dwarf galaxies from the photometric and kinematic measurements alone. The interpretation of the observational biases in the photometric properties such as total magnitudes, half-light radii and central surface brightness is straightforward. All of them are affected by three issues: the presence of contamination by tidal tails, the nonsphericity of the stellar distribution and the 'proximity effect' that for strongly evolved dwarfs on orbits with small pericenters makes the observer seeing the dwarf at pericenter include more stars than are actually associated with the dwarf.
The measurements of kinematics and shapes are more complicated to interpret. Although in both these quantities the trend towards smaller V /σ (signifying less rotation and more random motion in the stars) and towards more spherical shapes is clearly seen especially for more evolved dwarfs, these measurements depend critically on the initial orientation of the dwarf disks. This orientation was the same for all our simulations except S6 and S7 and may be considered 'typical' in the sense that our observer at the galactic center is able to detect both rotation and non-spherical shape of the stellar component at the initial state and later.
In particular, the cases O3, O5 and S15 classified as 'non-dSph' by K11 (see cases R3, R5 and R15 in their Table 2 ) based on their high intrinsic V /σ > 1 (measured as the mean rotation around the shortest axis and the mean velocity dispersion for stars inside r max ) also show high values of the order of unity in our measurements so they would be classified as transitory objects also by our observer. However, if the disk was seen exactly edge-on (as in run S6) the observer could identify it as rotating disk based on shape and rotation alone, while if it was face-on our observer would not be able to distinguish the disk from a spheroid supported by random motions. In real observations such cases can be morphologically classified by looking for additional signatures . The open black circles show the data for dIrr galaxies, filled black circles the data for the dSph and dSph/dE galaxies and gray circles for transitory dIrr/dSph dwarfs from Table 2. like the presence of gas or star formation regions.
Despite these difficulties, we emphasize that in this study we measured the properties of the simulated dwarfs in a realistic way so that they can be directly compared to real data. Figure 20 summarizes our results by showing as green squares the measured properties of the simulated dwarfs at the last apocenter in the µ V -M V , r 1/2 -M V , V /σ-M V and e-M V planes. The circles display the data for dwarf galaxies of the Local Group from Table 2 as in Figures 16-19 . The comparison proves that our dwarfs are indeed very similar to the real ones in those crucial parameters and thus shows that tidal stirring indeed can produce dSph galaxies from dIrr-like progenitors. Note that all our dwarfs (except two) initially had rather high masses of 10
9 M ⊙ and therefore ended up on the more luminous side of the observed distribution. Starting from lower masses and luminosities we could easily reproduce also the less luminous dwarfs.
Comparison with earlier work
Observational parameters of the dSph galaxies produced by tidal stirring have already been discussed in the papers proposing the tidal stirring as a possible scenario for the formation of dSph galaxies by Mayer et al. (2001a,b) . They have shown that the properties of the final products indeed follow the µ V − M V relation found for real dwarfs and that the V /σ and ellipticity both decrease with time. Lokas et al. (2010a) measured the observational properties of dSph galaxies formed in three simulations discussed in Klimentowski et al. (2009a) , similar to those studied here, and found them to depend strongly on the line of sight but still in the range characteristic of real dwarfs. In this work we improved on these earlier results by showing the actual evolutionary tracks of the dwarfs in different parameter planes and considering different observational biases caused by the observer's position close to the galactic center. Peñarrubia et al. (2008) studied the effect of tides on objects that were spherical from the start and constructed as stellar King profiles embedded in more extended dark halos. Understandably, their dwarfs do not undergo any morphological transformation and remain spherical and supported by random motions with no net rotation. Thus, they were unable to address such issues as the evolution of rotation or ellipticity. Their analysis was therefore restricted to such observational parame-ters as the total luminosity, the half-light radius, surface brightness and velocity dispersion. The evolutionary tracks of their spherical dwarfs in the µ V -M V and r 1/2 -M V planes (their Figure 10 ) are similar as in our simulations (Figures 16-17) , i.e. in both cases there is a clear trend of surface brightness and radii decreasing with decreasing luminosity of the dwarfs in time. Interestingly, the characteristic scales of the stellar distribution, quantified by the core radius of the King profile, were found there to evolve rather mildly and decrease only by about a factor of two, as in the case of our half-light radius.
Despite these similarities in the photometric properties, we find very different results concerning the evolution of the velocity dispersion and the mass-to-light (M/L) ratio. Since we were more interested in the evolution of the kinematic parameter V /σ we do not show analogous plots for the dispersion alone, but the corresponding trends can be read from Figure 9 where both quantities, V and σ, are plotted separately. Clearly, the central velocity dispersion decreases systematically only for the most strongly evolved dwarfs (O2 and O4), while it remains roughly constant for the other cases, in contrast to the findings of Peñarrubia et al. The evolution of the M/L ratio as an intrinsic, rather than observational, parameter of our dwarfs was discussed already by K11: they found that tidal stripping typically decreases M/L except for strongly evolved dwarfs where the dark halo has been truncated down to the stellar scales. Again, our results on this point are discrepant with those of Peñarrubia et al. who found M/L increasing, making the dwarfs darker with time. The differences in the evolution are due to different initial conditions: in our case the stars are more tightly bound (especially after the formation of the bar) and are therefore more difficult to strip, keeping the velocity dispersion roughly constant and M/L rather low. In the King models of Peñarrubia et al. the stars are weakly bound and easily stripped which decreases their dispersion and increases M/L. In summary, while the evolution of the photometric properties seems to be a general feature of tidal stripping, largely independent of the initial structure of the dwarfs, the kinematic and dynamical properties depend on the assumed dwarf model.
Conclusions
We have studied the observational parameters of simulated tidally stirred dwarf galaxies initially composed of disks embedded in extended dark matter halos. Our results build on and extend the previous study by K11, where intrinsic properties of the simulated dwarfs were discussed. Our main conclusions may be summarized as follows:
1. The photometric parameters, such as the absolute magnitude, the half-light radius and the central surface brightness as well as the kinematic properties can be reliably measured but are subject to a number of observational biases caused by the presence of tidally stripped stars and the non-sphericity of the stellar component.
2. The amount of bias in the measured quantities depends on the orbit and structural parameters of the dwarf but typically does not exceed 0.4 mag in total visual magnitude and a factor of two in half-light radius. Rotation can be overestimated for strongly stripped dwarfs on eccentric orbits even if a 3σ cutoff is applied to radial velocities.
3. The effects of tidal stirring manifest themselves by decreasing the observed total magnitude, the halflight radius, the central surface brightness, rotation and ellipticity in time, while the central velocity dispersion remains roughly constant except for the most heavily stripped dwarfs where it also decreases due to strong mass loss.
4. The correlations between the observational parameters of the simulated dwarfs reveal strong similarity to those in the real data. The evolutionary tracks of the tidally stirred dwarfs move them from regions characteristic for dIrr galaxies to those typical for dSph galaxies of the Local Group. This behavior corroborates the existence of a connection between these two types of objects and therefore strongly supports the tidal stirring model as a possible scenario of their evolution.
